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Muon Imaging as Inspection Method

//

» Passive method: safe for humans and does not apply an artificial

radiological dose to the warhead.

* Muon imaging is intrinsically sensitive to special nuclear materials

» Cosmic rays are much more penetrating than gamma or x-rays. SNM

can be imaged behind significant shielding and inside containers.

« Exposure times depend on the object, detector configuration and

Imaging requirements.

* Muon imaging can be naturally adapted to information barrier

concept.

* The detectors are scalable and portable, and have been

demonstrated to operate for several month with little or no human

intervention. The drift tubes of the detectors are sealed and do not

need gas replenishment. Gas is not flammable. Detection and

localization of SNM is achieved with automatic reconstruction

algorithms, which can be run at a standard PC computer.

» Our detectors are also sensitive to gamma-ray and neutron radiation
roviding additional SNM signatures.




osmic Rays: Where Do They Come From?

 Discovered by Victor Hess in 1912
 Consist of mainly protons, electrons, and ions

» Ray acceleration can occur in strong magnetic
fields from supernova blast wave remnants

* Energies range from MeV to beyond TeV

Vicir ess (1883 — 1964)

Nobel Rrize in Physics 1936

Crab Nebula (SNR 1054 frém'.nant)




Cosmic Rays Conversion In Atmosphere
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Muon Flux and Spectrum
as a Function of Zenith Angle

Angular distributions
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Muon Interactions In Materials

* Energy loss

* Multiple scattering

« Stopping and absorption

©

Energy Loss

N pmmn

Nucleus

Stopping And Absorption

Neutron

w

Coulomb Scattering




Cagsmic-Ray Muons Penetrate Large Objects

Muon transmission
radiography —
Well established

Search g for Hidden Chambers in Pyramids

Luis Alvarez et. aI

Science 167, 832 (1970) & since the mid 1900s

Arturo Menchaca, et. al.

d Measuring Tunnel Overburden

E. P George 1955

id/4540266/
Cosmic Rays

Predicting Volcanic Eruptions Measure

Overburden

— of Tunnel
“*"_ =Muon
Tanaka, Nagamine, et. al.
Nuclear Instruments and i i . Onems . ~
Methods A 507:3, 657 (2003) Solsiiconaion rulsassnainnad o meams ikaradaaiion ich

Guthega project of Snowy Scheme . . . Equipment described

~

Figure 4: Analyzing the intemal e

structure of a volcanic zone using muons




Attenuation of Cosmic Rays in Small Objects

// Attenuation approach doesn’t work for
particles that are all pass (neutrinos) or all
stopped (optical photons)

* Optimal attenuation fraction is ~0.5
Because cosmic rays has both hard

(muons) and soft (electrons)
components, we can combine these
signals together to get a reasonable
attenuation fraction for smaller objects
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The solid lines in the figure are from the Monte-
Carlo (GEANT) model. Due to different energy
loss mechanisms the iron (red) and lead (blue)
data (both measured and simulated) do not lie ~ |
on top of each other. The saturation of curves Radiation Lengths
at stopping rates of 30-35% indicates that most

f the soft component electrons are stopped.
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Attenuation in Small Objects

Image of muon
“shadows” created by
three objects.

Simulation, Simulation, e




Muon Imaging Start at Los Alamos

9/11 terrorist attack

o)
TBREAKING NEWS
TWO PLANES CRASHTINTO TOWERS
OF. WORLD TRADE CENTER

LDRD special call

L DR D Laboratory Directed Research & Development

Los Alamos National Laboratory | Lawrence Livermd ratories

Muon Radiography concept
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Another Signature: Multiple Scattering

multiple scattering signal is large for high-Z, high-density objects

momentum p approximately Gaussian

TR Scattering distribution is
and velocity

Material
with

radiation
length L

and the width of the

distribution is related to
the material

(A is a radiation length)

Scattered particles Material A, €M
carry information from Water 36 23
which material may be

1.76 11.1

identified. Iron
Lead .56 20.1

*10 cm of material, 3 Gev muons




ffuon Scattering Can Be Used to Find SNM

LDRD-DR FY04-06

Radiographic imaging with cosmic-ray muons

radiography' has its limitations: an
inability to penctrate dense objects,
the need for multiple projectionsto resolve
three-dimensional structure, and health
risks from radiation. Here we show that

natural background muons, which are . \,.)/’ e
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P Detection
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Transmission and Scattering Can Be Combined

Lead
empty hemisphere

L

Stopping: upper row (0-200 rel. units)
Scattering: lower row (0-50 rel. units)




Sources of Information Provide Material ID
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What Muons Do When They Stop

Get an orbit and cascade down (all materials)

Get captured by the nucleus, combine with a proton to
form a neutron (increasingly high probability for higher
Z)

Nuclear in excited state, goes to main state emitting n,
gammas (higher multiplicities for fissionable materials)

Secondary fissions, chain reactions (for fissile materials)




Physics Works: Muon-Induced Fission Can Be
Used to Identify SNM

More muons stop in high-density material

Muonic X-rays has higher energy = more
penetrating for high-Z materials

Fission is more likely, and fission products are
more numerous

Chain reaction is likely in fissile materials, not
just a single event




Muon-Induced Fission Imaging Concept

Tracking drift tube detector

Y

Secondary radiation

Object of inspection

Fission in target




Experimental Concept

Scintillation Dete<Ltor\§
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Drift Detectors

» Use charge particle tracking
detectors to measure cosmic ray
trajectories.
» Reconstruct dense objects with
high stopping power and large
secondary multiplicities using
tomography.
» Measure fission radiation
produced by y- stopped in fissile
material (Det Eff ~ 100%).
* Ex:~6 y- captured/min in 20kg U
 Coincidence counting of resulting
fission gammas and neutrons

=> ~ 10 min count time

Physic:-



muon tracker

~ Plastic scintillator bars (fast n'lgamma etggt_or)

Mini-muon Tracker builds an image of cosmic-ray tracks. Coincidence with
neutron counts localizes fissile material (uranium cube) in the image.

——
ol.ﬁo%Alamos an.j;

NATIONAL LABORATORY
EST.1943




Muon Imaging Detectors

576 4-foot long and 2-inch
diameter aluminum drift
tubes

Each tracker set has 3 x-y
pairs of double planes, for a
12-fold tracking coincidence,
In and out

Neutron detector (“suitcase”:

He-3 tubes, moderator, ~0.9 “Out’
m x 0.5 m area) and Tracker
gamma-detector (plastic bars

with phototubes, ~1 m long x

10 cm?) have been

Incorporated into the same

data stream

He-4 tubes and liquid
scintillators are also being
investigated

;“ “In”
L Tracker




Drift Tubes: Tracking Charged Particles

I lonization -

. lube wall drift circle

Characteristic

drift electron paths
Atomic ‘,
nucleus : <.

| Time-to-Radius
| * conversion

MW’..% i *"'{“;“‘4‘." “""'1“1 Race to the wire

o ||




Imaging is Based on Tracking Individual Muons

/Cylindrical drift tubes measure radial position of charged

particles passing through

Yields intercept and angle in two dimensions by interleaving
tubes having axis oriented in x- and y- directions

\. N \‘

\}

For tomography, ORI N
banks of tubes are T &

located above and

below object to

measure scattering

angle (average

scattering density)

\




Drift Tube Detectors Work
iIn High-Radiation Field
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Imaging Reactor Core
with Near-Horizontal Muons




Modeling of the Core Melting

Plant Model, *LANL INTERNAL TEST, LANL USE
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Our simplified GEANT4 model




Modeling of Melting Core

full 0.5% 2.6% 7.2% 15.4% 28.2%
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Muon Stopping and Coincidence
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Material Identification

Radius ()
—

I DU (2%8U) LEU (19.8% 235U)
« e
O16cm x 20 cm  20x10x15¢cm 10cm3 10cm3

8 hours Al Pb DU
Stopped Tracks 22191 33918 24919

Coinc.(plastic) 695 1303 708
Coinc.(He-3) 169 260 206
Area (sq. cm) 400 600 484

n/stopped 0.0076 0.0077 0.0083
\




LEU
77

6.4 hours
Coincidence

250 ps

Coincidence 0




13253

854

13910 13273
1002

Stopped
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Timing Signature of Delayed Neutrons

. //Fission yield per neutron stop = 0.068 + 0.013 for 238U and 0.142 +
0.023 for 235U

— Multiplication via k-eff further enhances 23°U signal
— Difficult to separate from evaporation neutrons

Delayed component accounts
for 91% of fissions in 238U and
88% in 235U

Mean lifetime =77.2 £+ 0.4 ns

for 238U and 71.6 = 0.6 ns for
235U

4” x 4" DU Target @ LANL: 14
stops per minute = 1.0 fissions

per minute 50 100 150 200 250 300 350 400 450 500
\ time after trigger, ns




Muon-Induced Signatures

Signature

Attenuation/
absorption

Scattering

Muon-induced
fission

Sensitive to Advantages

Amount of
material/
density

Density
Z-number

Fissionable
material

Simple

High penetration
Can be combined
with scattering

High-Z sensitivity
3D imaging
Robust scalable
detectors

Material and isotope
specific

Deficiencies

Long exposure
times

Weak material
separation

No isotope
separation
Semi-static
(~minutes)

Long exposure
times




Combining the Signatures

Provided by our detectors:

CR attenuation

SNM detection

v
\‘l‘ SNM imaging

Muon-induced fission "(

N\ Element & Isotope
Gamma-ray signal ~ Analysis

Neutron signal g SNM monitoring

Muon scattering

Neutron timing
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